Cutting Path Planning for Ruled Surface Impellers  by Quan, Liang et al.
  
Chinese 
Journal of 
Aeronautics 
Chinese Journal of Aeronautics 21(2008) 462-471
www.elsevier.com/locate/cja
Cutting Path Planning for Ruled Surface Impellers 
Liang Quan*, Wang Yongzhang, Fu Hongya, Han Zhenyu 
School of Mechatronics Engineering, Harbin Institute of Technology, Harbin, 150001, China 
Received 14 December 2007; accepted 24 March 2008 
Abstract 
At present, most commercial computer-aided manufacturing (CAM) systems are deficient in efficiency and performances on gen-
erating tool path during machining impellers. To solve the problem, this article develops a special software to plan cutting path for ruled 
surface impellers. An approximation algorithm to generate cutting path for machining integral ruled surface impellers is proposed. By 
fitting sampling data points of an impeller blade into a curve, a model of ruled surface blade of an impeller is built up. Furthermore, by 
calculating the points where the cutter axis vector intersects the free-form hub surface of an impeller, problems about, for instance, the 
ambiguity in calculation and machining the wide blade surface with a short flute cutter are solved. Finally, an integral impeller cutting 
path is planned by way of an integrated cutter location control algorithm. Simulation and machining tests with an impeller are performed 
on a 5-axis computer numerically controlled (CNC) mill machine, which shows the feasibility of the proposed algorithm. 
Keywords: CAM; cutting path planning; flank cutting; impeller; ruled surface 
1 Introduction* 
Impellers are widely used in energy generators, 
aerospace crafts, petrochemical equipment and so 
forth[1-2]. As the processing quality directly deter-
mines the performances, computer numerically con-
trolled (CNC) machining has become one of the 
most promising methods to manufacture impellers. 
The shape of an impeller is often too compli-
cated for traditional 3-axis CNC centers to produce 
because of its greater susceptibility to collisions 
between the cutter axis and the blade. Therefore, 
5-axis CNC machining becomes an necessary 
choice because a 5-axis CNC center is able to con-
trol the cutter axis vector to avoid the collision and 
adjust the cutter’s twisting angle to a proper location 
to finish surface cutting[3]. 
In designing, the blades and the hub surface of 
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an impeller are usually regarded as free-form   
surfaces. The machining process of impellers of  
this type belongs to conventional point cutting 
scheme[4-10]. This method uses the tip of ball-end 
cutters to cut the surface and controls the cutter axis 
to avoid collision and undercutting. In practice, 
however, a lot of impeller blades possessive of ruled 
surfaces have been widely used because of struc-
tural simplicity and small amount of data required. 
For impellers of this type, point milling method 
might be usable notwithstanding it lacks efficiency. 
By taking into account the profile of the ruled sur-
face and the cutter, adoption of side milling method, 
which uses the flute of cylindrical cutter to cut, can 
obviously enhance efficiency by saving on machin-
ing time. 
Theoretically, a ruled surface can be classified 
into the developable and the non-developable. 
Blades of ruled surface impellers are characterized 
by having the non-developable ones. According to 
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the geometric theory of the ruled surface, when a 
5-axis CNC center is used to machine a twisted 
ruled surface, there must be machining errors, which 
are linked to the twisting degree and the contact 
length between the cutter and the blade. Despite its 
high efficiency, flank cutting cannot be used once 
the errors become intolerable[11]. 
There are many researchers who have studied 
the machining technology of ruled surfaces and im-
pellers with ruled surfaces. One of the first studies 
was made by Stute, et al.[12], who assumed the di-
rectrices on the surface to be straight and on two 
parallel planes perpendicular to the rule. The cutter 
was then positioned at a tangent to the two direc-
trices and came into contact at the middle of the 
ruled surface. Rehsteiner, et al.[13] also used a ruled 
surface to determine analytically the directions of a 
non-developable ruled surface at the middle point of 
the considered ruled surface. Tsay, et al.[14] analyzed 
the factors that affect the magnitude of undercutting 
and put forward suggestions to reduce the discrep-
ancies between the designed and the machined sur-
faces during flank cutting. Bedi, et al.[15] proposed a 
detailed algorithm for flank milling with flat-end 
cutters, which keeps the cutter tangent to both 
curves of a ruled surface on every parametric point. 
Johanna, et al.[16] constructed a swept profile of the 
tool on the basis of the tool motion and then ana-
lyzed and reduced the positioning errors by com-
paring the envelope surface with the ruled surface. 
In light of past researches, this article suggests 
an automated cutting path planning method for ma-
chining impellers. By comprehensively utilizing 
algorithm to calculate cutter vectors and cutter cen-
ter points, several practical problems are solved in 
planning cutting path for integral impellers, such as 
ambiguity that occurred during the calculation of 
the point, where a cutter vector intersects a hub sur-
face (see Section 2.2) and the problem about ma-
chining a wide blade surface with a short flute cutter 
(see Section 2.3). This will undoubtedly heighten 
the efficiency and the quality of machining integral 
impellers.  
2 Algorithms for Cutting Path Planning 
In engineering practices, the form of impellers 
is designed on the basis of the aerodynamic or fluid 
dynamic performance criteria or by measurements 
with three-coordinate measuring machine. No mat-
ter which kind of these methods is used, the draw-
ings usually describe the data points of an impeller. 
For an impeller with ruled surface blades, these data 
points are always the discrete ones distributing in a 
non-homogeneous manner on the shroud and hub 
curves of the pressure surface and the suction sur-
face. With these discrete points parametric curves or 
surfaces for describing the blade of an impeller 
could not be constructed. However, the next cutter 
path planning could not be conducted without pa-
rametric curves and surfaces. To solve this impor-
tant problem, an algorithm for fitting these discrete 
points into a parametric curve is introduced below. 
Fig.1 shows an impeller model constructed by the 
algorithm. 
 
Fig.1  Surface model of an impeller. 
2.1 Algorithm 
Just as previously discussed, before machining 
an impeller, a series of discrete points, called the 
sampling points, are available. The fitting work is 
accomplished by using the sampling points to re-
solve control vertexes and knot vectors. On the ba-
sis of the different principles, fitting algorithm can 
be classified into those of interpolation and of ap-
proximation. The basic idea of interpolation arith-
metic is to construct an equation set, in which the 
knowns are sampling points, knot vectors, constraint 
conditions of head and end terminal point tangent 
vectors. Then, by solving this equation set the points 
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of curve are obtained. In practice, however, interpo-
lation arithmetic has some shortcomings. Theoreti-
cally, interpolation algorithm enables the curve and 
surface strictly to pass through the sampling points, 
which are usually measured on the digital equip-
ment, such as three-coordinate measuring machine 
and laser scanning instrument, from real objects. 
Nevertheless, the surfaces of real objects often have 
rough areas because of machining and/or abrasion. 
In addition, because of the inaccuracy in equipment 
system or improper operation of workers, the pro-
cedure of digitization will also induce data skew-
ness. Therefore, letting interpolation curve strictly 
pass through sampling points is not only unlikely to 
guarantee accurate restoration of curves and sur-
faces, but also likely to make them severely 
unsmooth. In CNC machining, smoothness is ut-
most important because it enables the cutter path to 
reduce frequent acceleration and deceleration of 
every moving axis during machining thus promoting 
the quality of part surface. As the approximation 
algorithm can perfectly overcome drawbacks of the 
interpolation arithmetic and result in fine spline 
curves, it is used to fit the sampling points in this 
article. 
To construct a B-spline curve, given an orderly 
sequence points Pi (i = 0, ···, m), the curve approxi-
mation is defined by[17] 
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reach minimum in the sequence of real numbers ti  
(i = 0, 1, ···, m). 
 The sequence real numbers ti (i = 0, 1, ···, m) of 
the Eq.(2) are the parameters corresponding to the 
sampling points generated by chord or centripetal 
parameterization method. The centripetal parame-
terization equation is[17] 
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where e equals to 0.5. 
The knot vectors 0 1 1{ , , , }n ku u u   "U  are 
usually supposed to be quasi-evenly distributed, 
which means that the first and the last knot values 
are repeated with multiplicity equal to degree plus 
one, whereas the “internal” knot spans must be of 
equal length. By inputting the number of control 
polygon points and the degree of curve, Eq.(2) be-
comes a least square problem: 
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which can be simply represented by 
=T V P                (5) 
Clearly, when m > n, the linear system Eq.(4) 
does not have a definite solution, and its least 
square solution is 
T 1( )   V T T T P            (6) 
where T T is the transpose matrix of T, and T –1 the 
inverse matrix of T. 
Actually, the solution errors acquired from 
Eq.(6) are too large to meet the engineering re-
quirements. This is because the relationship between 
the sampling points and the target curve is deter-
mined by the accumulation chord method or cen-
tripetal parameterization method. Essentially, both 
methods used the chord length to simulate arc 
length. Therefore, it is almost impossible to mini-
mize the approach errors for violently changing 
sampling points. To reduce approach errors and 
achieve the required accuracy, the iteration algo-
rithm is introduced. 
In practical application of this algorithm, there 
are several problems needed to be correctly tackled, 
otherwise, it may lead to iteration exhale and com-
puter paralysis. 
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(1) At the start of iteration, the approximation 
errors show a favorable tendency of descending. 
However, as the iteration continues, sometimes they 
might turn around to ascend and make computer 
halted. In order to settle this problem, a weighted 
factor should be introduced.  
(2) As the parametric curve (or surface) has 
borders, by closely monitoring its effective area, the 
value of a parameter should be abandoned once it 
crosses the borders and a new value equal to the 
mean of the origin value and the border value needs 
to be selected. 
(3) Because ceaseless iteration could not result 
in satisfaction of all of the required approximation 
accuracy, it should be introduced as two criteria to 
limit the iteration: ķ the maximum number of itera-
tion times Imax and ĸ the minimum iteration con-
vergence velocity vmin. Denote v = (ei – ei+1)/ei as the 
current convergence velocity, where ei is the error 
after the ith iteration. When v < vmin, the iteration is 
considered nonconvergent and should be stopped. 
The choice of Imax and vmin depends on experiences. 
The curves fitted by using above-cited algo-
rithm include the hub and shroud curves of pressure 
and suction surfaces and the curve of hub cross- 
section surface. Fig.2 shows the fitted curves. The 
points in Fig.2 are the control points of B-spline 
after fitting. After the parametric curves have been 
built, the impeller model could be obtained. 
 
Fig.2  Fitted curves according sampling points. 
2.2 Process planning for impeller machining 
In the 5-axis CNC machining, cutter path plan-
ning algorithm usually includes the calculation of 
cutter axis, the computation of cutter center (or tip) 
and the hole cutter path planning methodology.  
Just as previously discussed, with the cross- 
section curve of hub surface, the hub curve and 
shroud curve being fitted and the CAD parameter 
models established, the cutting path can be planned. 
(1) Determination of cutter axis  
The computation of cutter axis is closely re-
lated to the blade shape model. 
In engineering practices, the ruled surface can 
be described by 
( , ) (1 ) ( ) ( )u v v u v u  P Q W       (7) 
Fig.3 shows the theoretical determination of 
cutting location. P1 is a point on the shroud curve W, 
P2 is a point on the hub curve Q, n1 is the unit nor-
mal vector of point P1, n2 is the unit normal vector 
of point P2. In Fig.4, C1 is a point on n1, C2 is a 
point on n2. By denoting 1 2 L P P  and 1 1  P C  
2 2 d P C , the angle occupied by 2 2P C  and 2 1cP C  
is defined as J, thus 
1 2
1 2
arccos( )J  
n n
n n
          (8) 
 
Fig.3  Theoretical determination of cutting location. 
In triangle 1 1 1'P O C  
/ sind R D             (9) 
In triangle 2 1 1'C C P  
2 2 2
1 1 1 2 1 2
1 1 1 2
cos
2
D   P C C C P C
P C C C
    (10) 
By combining Eq.(9) and Eq.(10), Eq.(11) can 
be acquired[11] 
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where D and d are unknown. To determine D and d, 
as a nonlinear equation set, Eq.(11) should be re-
solved by using quasi Newton method. 
After D and d being found and the location of 
C1 and C2 determined, the cutter axis vector is 
 c 1 2 1 2/ n C C C C             (12) 
(2) Calculation of cutter center 
In the flank milling of an impeller, the cutter 
flute is used to machine the blade surface and the tip 
of cylindrical cutter the hub surface. Taking the 
ball-end cylindrical cutter as an example, the deter-
mination of cutter center point depends on finding 
the point where the cutter axis intersects the excur-
sion of the hub surface. In the algorithm deduction 
process, the cutter axis can be abstracted as a space 
directional line segment, and the excursion of the 
hub surface as a free-form surface. Then the prob-
lem is changed into calculating the point where a 
free-form surface intersects a space directional line 
segment. 
When rotating around the turning axis of im-
peller, the hub curve of the cross-section of the hub 
surface can be described as 
hub( , ) ( )u C C H c B          (13) 
where 
cos sin 0 0
sin cos 0 0
( )
0 0 1 0
0 0 0 1
C C
C C
C
ª º« »« » « »« »¬ ¼
B  is the vec-
tor sets revolving around the turning axis of impel-
ler, and chub is the section curve of hub. By denoting 
a certain cutter axis in space as n (for example, the 
cutter axis which is calculated by the above ruled 
surface excursion algorithm), the problem is 
changed into seeking for the points where the 
free-form surface (excursion of hub surface) inter-
sects the directional line segment (the direction of 
the cutter axis vector being considered to point to 
the outside of impeller). 
When calculating the intersecting points, the 
excursion of hub surface is divided into a set of tri-
angle patches, and the cutter axis is regarded as a 
directional line segment. 
 
Fig.4  Theoretical determination of cutting axis. 
The following shows the calculation process. 
First, investigate each patch in the set to find out the 
one that has intersecting points with the cutter axis 
vector and use Eq.(21) to determine the intersecting 
point as the cutter center point.  
To sum up, changing the free-form surface into 
discrete triangle patches makes the problem become 
one of calculating the points where the triangle 
patch (space flat surface) intersects the space direc-
tional line segment. 
The following section will first discuss the dis-
cretization algorithm of excursion of hub surface, 
and then the algorithm addressing the intersection of 
the triangle and the directional line segment. 
Triangle discretization of free-form hub 
surface 
In Fig.5, the basic steps of triangle discretiza-
tion of free-form hub surface are: 
ķ Use average parameter method to calculate 
every point’s derivative vector on the cross-section 
of hub surface. 
ĸ Find the normal vector of cross-section 
curve by doing cross product of the derivative vec-
tor and the unit normal vector of the cross-section 
plate surface.  
Ĺ Find the point in the excursion of hub sur-
face by multiplying the cutter radius by the unit 
normal vector of cross-section curve.  
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Fig.5  Theoretically building excursion of hub surface. 
ĺ Rotate the point set on the cross-section 
curve around the turning axis of impeller to generate 
space point lattice.  
Ļ Connect these point lattices into a triangle 
patch according to a certain sequence. This com-
pletes the discretization of the free-form hub sur-
faces. 
In the process of calculation, a number of 
problems needs to pay attention. 
The excursion surface should be situated along 
normal vector of the hub surface, and the distance 
should be the radius of a cutter. Only by this way, it 
could be ensured that the point where the cutter axis 
vector and excursion surface intersect is the cutter 
center. 
In the process of changing the point lattices 
into triangle patch, attention must be paid to the 
sequence to connect the triangles, as shown in Fig.5. 
This sequence is very important because it is linked 
to the judgment of whether a line segment intersects 
a triangle patch. Fig.5 presents the sequence this 
article uses to construct the triangle patch sets. 
(3) Algorithm of intersecting points 
The intersecting points of the triangle patch 
and space directional line segments could be classi-
fied into three kinds: without intersecting point 
(Fig.6(a)), on the line segment (Fig.6(b)) and on the 
inverse elongation line (Fig.6(c)).  
In computational geometry, the kinds of inter-
secting points are distinguished by the directional 
volume concept. 
A(xa, ya, za), B(xb, yb, zb), C(xc, yc, zc) and D(xd, 
 
Fig.6  Intersecting points of a directional line segment and a 
triangle. 
yd, zd) are four points in space. The directional vol-
ume of the tetrahedron can be defined as 
1
11[ ]
16
1
a a a
b b b
c c c
d d d
x y z
x y z
x y z
x y z
ª º« »« » « »« »¬ ¼
DABC      (14) 
Seeing the triangle 'ABC  from point D, the 
three points A, B, and C are connected in a clock-
wise order, and [DABC] > 0. According to the 
computational geometry, the problem of determin-
ing the point containment with directional volume is 
that of judging whether a point is in a real object. 
This makes it clear that the necessary and sufficient 
condition that decides whether a space point Q is in 
the tetrahedron DABC is composed of four inequa-
tions: 
[ ] , [ ]
[ ] , [ ]
t t ½¾t t ¿
0 0
0 0
QABC QACD
QADB QBDC
       (15) 
If point Q is in the tetrahedron DABC, i.e. Q is 
the elongation line segment of DQ intersecting the 
plane where the triangle 'ABC  is located.  
In engineering practice, Eq.(15) only helps to 
resolve the intersecting points of the elongation line 
and the plane. Sometimes the intersecting points of 
the hub surface and the space elongation line seg-
ment are ambiguous, for one line might intersect 
more than one triangle patch. Therefore, it is impor-
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tant that the intersecting points are on the line seg-
ment. At this point of time, the inequations are 
[ ] , [ ]
[ ] , [ ]
t t ½¾t t ¿
0 0
0 0
DABC QADB
QCDB QACD
        (16) 
In addition, for the intersecting points of the 
space inverse elongation line and the triangle patch, 
the inequations become 
[ ] , [ ]
[ ] , [ ]
  ½¾  ¿
0 0
0 0
DABC QADB
QCDB QACD
        (17) 
Because the shape of free-form surface is com-
plex in the engineering practice, usually several 
above-mentioned judgments should be made at the 
same time to settle the question, for sometimes one 
line segment might intersect several triangles. The 
CAM software in the article uses Eq.(15) and 
Eq.(16) to judge the conditions of intersection. The 
intersecting points can be calculated after judging 
whether the line segment and triangle intersect. 
The calculation of intersecting points depends 
on the solution of intersection of space lines and 
triangle patches. 
The equation of a space directional line is 
( )t t f O k              (18) 
where O is the start point of direction line, t is pa-
rameter and k is direction vector. Every point in a 
triangle can be defined as its location relative to the 
three vertexes of the triangle, for example, 
, , 0 1 2u v w w v u  Q V V V        (19) 
where w u v   equals to 1. By combining the 
equations of linear objects and flat surfaces, the in-
tersecting points could be calculated. Here, the lin-
ear objects are radials, and the combined equations 
of Eq.(18) and Eq.(19) could be transformed into 
1 0 2 0 0[ ] [ ]
t
u
v
ª º« »     « »« »¬ ¼
k V V V V O V   (20) 
As a ternary linear equation set, it could be 
solved by using Gramer principle. Thus 
2 0 1 0
1
[ ( )] ( )
t
u
v
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O V V V V V
k V V O V
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    (21) 
By substituting t into Eq.(18), the coordinates 
of the intersecting point could be acquired. 
2.3 Cutting path planning 
Manufacturing steps of an impeller include 
slotting, expansion slotting and finishing. By asso-
ciating the characteristics of the process with the 
method to plan the cutting path of the part, a special 
CAM software for processing ruled surfaces of an 
impeller is developed. 
The basic idea of cutting path planning is to 
construct assistant surfaces according to the tech-
nological characteristics of slotting, expansion slot-
ting and finishing. These surfaces all rotate around 
the impeller blade to be cut. According to these as-
sistant surfaces and the excursions of hub surface 
(see Section 2.2) and by controlling the rotating 
angle of these assistant surfaces, the location of the 
slotting can be controlled. The finishing directly 
depends on the blade surface. Fig.7 shows the prin-
ciples to construct assistant surfaces for slotting, 
where the assistant surface is built in the center of 
impeller runner. The same is true of the expansion 
slotting. 
 
Fig.7  Theoretical construction of assistant surfaces of slot-
ting. 
An integral impeller is characterized by sym-
metrical blade distribution. This renders it adequate 
to plan cutting path for only one blade, and the cut-
ting paths for rest blades could be generated by ro-
tation. 
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The following will introduce cutting path plan-
ning separately for slotting, expansion slotting and 
finishing. 
(1) Slotting. The canal location of slotting lo-
cates at the center of the impeller runner. The zigzag 
cutting path is used in machining to increase the 
efficiency. According to the shape of blade, the de-
signed cutting path through an isoperimetric plan-
ning, which makes the blade rotate by an angle in 
advance to lie at the center of impeller runner. The 
impeller blade can be regarded as a parametric sur-
face determined by the parameters u and v with u 
increasing and decreasing alternatively and mean-
time v changing in a single direction, which gener-
ates a zigzag cutting path. Fig.8(a) and Fig.8(b) il-
lustrate the principles. 
(2) Expansion slotting. Simply, expansion slot-
ting means to use cutter flutes to cut surface of an 
impeller runner layer by layer, just like during cav-
ity milling. The flank milling is carried out by 
means of flutes, and the length of the flutes deter-
mines the cutting depth of expansion slotting, so it 
is clear that lengthening a cutter flute will improve 
the processing efficiency. In fact, the cutter flute is 
often complained for being too short (sometimes as 
short as 8 mm). However, the need for an inclined 
cutter to cut the narrow and deep runner of an im-
peller blade usually keeps the cutter’s radius from 
increasing so that it is hardly realistic to develop a 
cutter with a small radius and at once a long flute 
length if the cutter’s stiffness is taken into account 
while machining. 
In order to carry out the whole expansion slot-
ting process, a method is used to divide several lay- 
 
(a) Theoretical slotting 
 
(b) Practical cutting path planning for slotting 
Fig.8  Cutting path planning for slotting. 
ers in the direction of cutting depth: the length of 
each layer cut being shorter than the cutter flute. 
Unlike slotting, during expansion slotting, 
changing direction of parameters is determined by 
the parameter of hub surface rather than that of 
blade surface. The cutting path planning is on the 
basis of a series of assistant surfaces, which have 
been constructed rotating around the turning axis of 
an impeller. Every assistant surface forms a cutting 
path in the direction of parameter. 
Users’ inputs determine the alteration of the 
number of layers in the direction of cutter axis. The 
distance among layers depends on users’ inputs. The 
depth between layers is determined by the quotient 
obtained when the whole cutting depth of expansion 
slotting is divided by the layer number. Fig.9(a) 
shows the theoretical planning, whereas Fig.9(b) 
shows the practical cutting path. In addition, atten-
tion must be paid to the cutting direction in expan-
sion slotting and finishing. The proper direction lies 
from the center to the brim of an impeller, which 
 
(a) Theoretical expansion slotting 
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(b) Practical cutting path planning for expansion slotting 
Fig.9  Cutting path planning for expansion slotting. 
could make the cutter tip avoid impacting the hub 
surface when machining. 
(3) Finishing. The principles of cutting path 
planning for finishing resemble the expansion slot-
ting in every way except one ü  There is no 
change of the direction of parameters, and the in-
terval between parameters should be decreased to 
promote the cutting precision. 
Here the schematic drawing of finishing is 
omitted because of limited space. 
Fig.10 shows the resultant whole cutting path 
for pressure surface by way of the above-described 
method. So it is with the case of suction surface. 
 
Fig.10  Whole cutting path of pressure surface of an impel-
ler. 
3 Simulation and Machining 
Before the proposed method is put into produc-
tion, it should be verified by simulation.  
Because of the complexity of cutting path 
planning, the path generated by the CAM software 
can not ensure prevention of occurrence of mistakes 
inclusive of cutter collision, interference and un-
dercutting, etc. VERICUT is adopted to test the 
program. Fig.11 illustrates the piece-target to be 
simulated in VERICUT software. 
 
Fig.11  Sample of machining verification. 
In the test, an impeller is manufactured by 
5-axis machining with rotary axes B, and C. Fig.12 
shows one step of the cutting process and Fig.13 
shows the finished part, which is exactly the same 
as the one in Fig.11. 
 
Fig.12  One step of cutting process. 
 
Fig.13  Machined product. 
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4 Conclusions 
This article has discussed and analyzed the 
problems about automatic programming of impel-
lers’ 5-axis machining. The approximation algo-
rithm is used to fit the sampling data points of blade 
and hub cross-section into curves. On the basis of 
the CAD model constructed for an integral impeller, 
a cutting path is generated after having solved sev-
eral common problems, which include, for example, 
ambiguity in calculation of intersecting points (see 
Section 2.2), use of short flute cutters to machine 
wide blade (see Section 2.3) and so on. Finally, a 
cutting path is generated by using ruled surface im-
peller CAM software and put into test, of which the 
result shows the feasibility of the algorithm and its 
practical worth.  
This study is limited to the use of cylindrical 
cutters in cutting path planning without considera-
tion of other types of tools such as tapered cutters. 
Besides, there are many of impellers with free-form 
blade surfaces, which can not be produced by this 
flank milling algorithm. All this would remain to be 
investigated in the future. 
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